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1

REDUNDANCY PROTECTION FOR DATA
RECORDED ACROSS MULTIPLE LAYERS OF
RECORDING MEDIA

TECHNICAL FIELD

The present invention relates generally to recording data to
and reading data from multi-layer, rotating data storage
media and, 1n particular, to reducing the risk of loss or 1nac-
cessibility of data 1n the event that data on one or more layers
1s unreadable.

BACKGROUND ART

Rotating data storage media having multiple recording
layers 1s one method which 1s employed to increase the
amount of data that can be stored 1n a given volume. As used
herein, the term “layer” refers broadly to the recording sur-
faces of a stack of disk platters secured to a single spindle as
well as to recording layers embedded within a single piece of
media. FIG. 1 1s an example of the former, a hard disk stack
100 with four platters 110, 120, 130, 140. Each platter 110,
120 has two recording surtaces, 110A and 1108, 120A and
1208, 130A and 130B, and 140A and 140B, respectively. As
1s known, the platters are secured to a spindle 150 and rotate
together. FIG. 2 1s an example of the latter, a cross-section of
a multi-layer optical disc 200 having four recordable layers
210A, 210B, 210C, 210D embedded therein between spacer
layers. Multi-layer optical disk 200 may be a DVD (Digital
Versatile Disk), HD-DVD (High Definition DVD) disk, or a
Blu-Ray disk. The layers are accessed optically via laser 220.
Data 1s typically mitially recorded 1n sequential blocks, con-
tinuing from one layer to the next. In a re-writable environ-
ment, as data 1s modified or overwritten, blocks with new data
may become more spread out to fill gaps left by old, erased or
moved data.

While increasing data density by recording to multi-layer
media provides many benefits, some data may be at risk if part
or all of a layer becomes unreadable, such as from a scratch,
media defect, head crash or aging, among others. Conse-
quently, a need remains for improving the reliability of multi-
layer media and, therefore, the security of the data recorded
thereon.

SUMMARY OF THE INVENTION

The present invention improves reliability for multi-layer
media by providing a method, a data storage device and a
computer program product for recording data to and reading
data from multiple layers of rotating storage media. Accord-
ing to the method of the present invention, a data stream U 1s
to be recorded to rotating storage media having a plurality L
ofrecordable layers, the data stream U comprising a sequence
of data bits where U(J) represents the J bit in the data stream
U. The data stream U 1s recerved and each data bit U(J) 1s
encoded 1nto X representation bits B(1,1), B(2,1), ... B(X.]).
The first representation bit B(1,]) 1s recorded onto a first layer
ol the storage media, the second representation bit B(2.J) 1s
recorded onto a second layer of the storage media, and
remaining representation bits are recorded onto layers of the
storage media. A request to read the recorded data U from the
storage media 1s subsequently received and a plurality of the
X representation bits B(1,1), B(2,]), . . . B(X,J]) are read back
from the storage media. The plurality of X representation bits
B(1,1), B(2,1), . . . B(X,]) are then decoded into the original
data bit U(J). In one embodiment, encoding may be per-
tormed with a convolution encoding algorithm and decoding
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2

with a PRML decoding algorithm. In another embodiment,
Reed Solomon encoding/decoding may be employed.

The data storage device of the present invention includes a
data input coupled to recerve a data stream U to be recorded to
rotating storage media having a plurality L of recordable
layers, the data stream U comprising a sequence of data bits
where U(J) represents the J” bit in the data stream U. The
storage device further includes an encoder for encoding each
data bit U(J) into X representation bits B(1,]), B(2,1), . . .
B(X.,J) and means for recording the first representation bit
B(1,]) onto a first layer of the storage media, recording the
second representation bit B(2,J) onto a second layer of the
storage media, and recording remaining representation bits
onto layers of the storage media. The storage device also
includes a command 1nput for receiving a request to read the
recorded data U from the storage media, means for reading
back a plurality of the X representation bits B(1,]),
B(2.,]), ... B(X,]) from the storage media, and a decoder for
decoding the plurality X representation bits B(1,]),
B(2.,I), . . . B(X,]) into the original data bit U(J). 1n one
embodiment, the encoder 1s a convolution encoder and the
decoder 1s a PRML decoder. In another embodiment, the
encoder and decoder are a Reed Solomon encoder and
decoder, respectively.

The computer program product of the present mvention
includes a computer readable medium having computer-read-
able code comprising instructions for receiving a data stream
U to be recorded to rotating storage media having a plurality
L. of recordable layers, the data stream U comprising a
sequence of data bits where U(J) represents the J? bit in the
data stream U, encoding each data bit U(J) into X represen-
tation bits B(1,1), B(2,1), . . . B(X,J]), recording the {irst rep-
resentation bit B(1,]) onto a first layer of the storage media,
recording the second representation bit B(2,]) onto a second
layer of the storage media, and recording remaining repre-
sentation bits onto layers of the storage media, receiving a
request to read the recorded data U from the storage media,
reading back a plurality of the X representation bits B(1,J),
B(2.,]), ... B(X.,]) from the storage media, and decoding the
plurality of X representation bits B(1,1), B(2.]), . . . B(X.])
into the original data bit U(J).

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a prior art hard disk stack with which the
present invention may be used;

FIG. 2 1illustrates a prior art multi-layer optical disc with
which the present invention may be used;

FIG. 3 1s an example of a state diagram which may be used
to implement an encoder in accordance with the present
imnvention;

FIG. 4 1s a block diagram of one example of a convolution
encoder which may be implemented in the present invention;

FIG. 5 1s an example of trellis diagram which may be used
to implement a decoder 1n accordance with the present inven-
tion;

FIG. 6 illustrates a PRML path used to reconstruct missing
data;

FIG. 7 illustrates a further embodiment of the present
invention in which data i1s recorded on multiple layers with an
angular offset; and

FIG. 8 illustrates a data storage device of the present inven-
tion.

FIG. 8 1llustrates a data storage device 800 of the present
invention. The data storage device 800 includes a data input
802 coupled to recerve from a host device 10 a data stream U
to be recorded to rotating storage media 820 having a plurality
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L. of recordable layers, the data stream U comprising a
sequence of data bits where U(J) represents the J” bit in the
data stream U. The storage device 800 further includes an
encoder 804 for encoding each data bit U(J) into X represen-
tation bits B(1,]), B(2,]), . . . B(X,J) and a module 806 for
recording the firstrepresentation bit B(1,J) onto a first layer of
the storage media 820, recording the second representation
bit B(2,J) onto a second layer of the storage media 820, and
recording remaimng representation bits onto layers of the
storage media 820. The storage device 800 also includes a
command input 808 for receiving a request from the host
device 10 to read the recorded data from the storage media
820, a module 810 for reading back a plurality of the X
representation bits B(1,1), B(2,]), . . . B(X,J]) from the storage
media 820, and a decoder 812 for decoding the plurality X
representation bits B(1,]), B(2,]), . . . B(X,J) into the original
data bit U(J). In one embodiment, the encoder 804 1s a con-
volution encoder and the decoder 812 1s a PRML decoder. In
another embodiment, the encoder 804 and decoder 812 are a
Reed Solomon encoder and decoder, respectively.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

A data stream U from a host to be recorded onto a multi-
layer rotating storage media (which, as noted above, may be
a single piece of media with a number L embedded recording
layers or individual disks connected 1n a stack) comprises a
sequence of data bits U(1) . . . U(J). Conventionally, the data
bits would be recorded sequentially beginning on one layer
and, 1I necessary, continuing onto one or more additional
layers. However, 1n accordance with the present invention, the
data bits are encoded into representation bits and recorded
onto multi-layer media with the first representation bit being
recorded onto the first layer, the second representation bit
being recorded onto the second layer, the third representation
bit being recorded onto the third layer, and continuing until
the L™ representation bit has been recorded onto the L7 layer.
Thenextrepresentation bit 1s then recorded onto the first layer
and the process continues until all of the representation bits
have been recorded to the storage media.

TABLE I 1illustrates the sequence 1n which representation
bits are recorded to bit positions on storage media having four

layers, L.1-1L4.

TABLE 1
Encoded at  Encoded at Encoded at
Disk Layer Number Time =1 Time = 2 Time =3
L1 L(1,1) L.(1,2) L.(1,3)
L2 L.(2,1) 1.(2,2) 1.(2,3)
L3 L.(3,1) 1.(3,2) 1.(3,3)
L4 L{4,1) L{4,2) 1.{(4,3)

At time T=1, the first four representation bits are encoded,
simultaneously or 1n rapid succession, to the first position 1n
cach of the fourlayers L(1,1),1.(2,1), L(3,1),L(4,1), as shown
in the first data column of TABLE 1. During the next time
window T=2, the next four representation bits are encoded to
the second position 1n each of the four layers L(1,1), L.(2,1),
L.(3,1),L(4,1), as shown in the second data column of TABLE
I. During, at the next time window T=3, the next four repre-
sentation bits are encoded to the third position in each of the
tourlayersL.(1,1),L(2,1), L(3,1),L(4,1), as shown in the third
data column of TABLE 1. After the representation bits are
encoded and stored 1n a bufter, as shown in TABLFE I, the
representation bits are generally written by layer (to avoid the
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laser having to unnecessarily jump among layers), indicated
by the rows of TABLE I, where layer j receives bits L(3,1) to
bits L(1,N), then layer k receives bits L(k,1) to bits L(k,N).
When the host requests the data U to be read back from the
storage media, the representation bits are read, generally by
layer, where bits 1.(3,1) to bits L(3,N), are read from layer j,
and then bits L(k,1) to bits L(k,N) are read by layer k. The bits
may then be builered and re-assembled into TABLE I and
decoded into the original data stream U(1 ). .. U(J). Damage
or other 1nability to read from an area of one layer will only
alfect some of the representation bits and, by employing
turther features of the present invention, data may be recon-
structed despite the loss of some representation baits.

In one embodiment of the present invention, each data bit
Uu@) . .. U{) 1s convolution encoded into a predetermined
number of representation bits. For example, each data bit K
may be convolution encoded into the same number of repre-
sentation bits as there are recording layers (L): B(1,K), B(2,
K), . . ., B(L.K). Alteratively, each data bit K may be
convolution encoded 1nto the twice as many representation
bits as there are recording layers (L): B(1.K), B(2,.K), . . .,
B(2*L,K). The first L representation bits are recorded onto
the L layers as are the second L representation bits. Generally,
cach data bit K may be convolution encoded into a number X
of representation bits equal to an integer multiple M times the
number of recording layers (L): B(1,K), B(2,K),
B(M*L=X,K).

In an alternate embodiment, the number of layers 1s an
integral number of the bits encoded by the convolution
encoder. For example, the convolution encoder in FIG. 4
generates four representational bits at a given time. Thus, 1n
an eight layer disk or stack of disks, four bits may be recorded
onto the first four layers and the second four bits may be
recorded onto the second four layers, before repeating the
process for the next sets of bits.

TABLE II and the state diagram of FIG. 3 illustrate an
example of convolution encoding a data bit U mto X=4 rep-
resentation bits to be recorded onto L=4 recording layers.
Column 1 of TABLE II contains the possible initial states
(eight 1n the 1illustration), column 2 contains the possible
destination states for each initial state, column 3 contains the
two states of an original data bit U, and column 4 contains an
encoded “word” comprising the four output representation
bits to be recorded onto the four layers of the recording media.

TABLE 11
Destination Original Encoded Data By Layer
Initial State State Data U L1, L2, L3, 14
SO SO 0 0000
SO S1 1 1111
S1 S2 0 0111
S1 S3 1 1000
S2 S4 0 1001
S2 S35 1 0110
S3 S6 0 1110
S3 S7 1 0001
S4 SO 0 1111
S4 S1 1 0000
S5 S2 0 1000
S5 S3 1 0111
S6 S4 0 0110
S6 S35 1 1001
S7 S6 0 0001
S7 S7 1 1110

FIG. 4 1s a block diagram of a convolution encoder 400
which maybe used to implement the present invention. FI1G. 4
may be implemented directly into a semiconductor chip or
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may be implemented 1n software. The encoder 400 includes a
three-stage shift register comprising first, second and third
registers 402, 404, 406 coupled 1n series. It are these three
shift registers which give rise to the eight states in TABLE 11
and FIG. 3, namely by raising two (binary arithmetic) to the
number of shlft registers; 1n the 1llustrated example, two to the
third power (three shift registers). The encoder 400 further
includes first, second, third and fourth modulo-2 adders 408,

410, 412, 414 which may be implemented as exclusive-OR
(XOR) logic gates. The mput data stream U(J) 1s coupled to
input of the first register 402 and inputs of the first, second,
third and fourth adders 408, 410, 412, 414. The output (U(J-
1)) of the first register 402 1s coupled to the input of the second
register 404 and to mnputs of the second, third and fourth
adders 410, 412, 414. The output (U(J-2)) of the second
register 404 1s coupled to the iput of the third register 406
and to mputs of the first and fourth adders 408, 414. The
output (U(J-3)) of the third register 406 1s coupled to inputs of
the first, second, third and fourth adders 408, 410, 412, 414 .

In operation, the 1mitial contents of the registers 402, 404,
406 1s typically 0. An imnput data bit U(J) and the outputs of the
registers 402, 404, 406 are selectively added by the adders
408,410,412, 414. The first adder 408 generates and outputs
the first representation bit B(1,]); the second adder 410 gen-
erates and outputs the second representation bit B(2,]); the
third adder 412 generates and outputs the third representation
bit B(3,J); and, the fourth adder 414 generates and outputs the
fourth representation bit B(4,]). As illustrated, the encoder
400 comprises a teed forward shift register. It will be appre-
ciated that the convolution encoder 400 may be implemented
in other ways. Moreover, the encoding throughput may be
increased by encoding multiple data bits 1n parallel.

FIG. 5 1s an example of trellis diagram which may be used
to 1mplement a partial-response, maximum-likelihood
(PRML) decoder 1n accordance with the present mvention.
States S,-S- are shown 1n FIG. 5, and it 1s assumed that the
initial contents of the registers 402, 404, 406 are zero; the
trellis diagram 500 therefore begins at state S; 510A. From S,
510A, a path through the trellis diagram 500 jumps to either
S, 510B or S, 511B. The increase from suftix A to suttix B 1n
the numbering of the states 1n the trellis diagram 500 1s called
a branch, and the branch index I 1s zero when jumping from
sullix A to suilix B. From S, 510B, the path jumps to either S,
510C or S, 511C and from S, 511B, jumps to either S, 512C
or S; 513C, and the branch index I 1s 1. From S, 510C, the
path jumps to either S, 510D or S, 511D, from S, 511C jumps
to either S, 312D or S, 513D, from S, 512C jumps to either S,
514D or S 515D, or from S; 513C jumps to etther S, 516D or
S- 517D, and the branch index I 1s 2.

The next series of jumps in the path through the trellis
diagram 500 show the full breath of the decoding eil

ort. From
S, 310D, the path jumps to either S, S10E or S, 511K, from S,

511D jumps to either S, 512E or S; 513K, from S, 512D
jumps to etther S, 514F or S 515E, or from S, 513D jumps to
either S, 516E or S, S17E, and the branch index 1 1s 3. Also,
from S, 517D, the path jumps to either S, 517E or S, 516FE,
from S, 516D jumps to either S; S15E or S, 514E, from S.
515D jumps to either S; S13E or S, 512F, or from S, 514D
mumps to either S, S11E or S, 510E.

Typically, what 1s shown for branch index I=3 is repeated a
plurality of times 1n a trellis diagram. However, for brevity,
only one such iteration 1s shown in FIG. 5. For the rest of FIG.
5, the trellis diagram 1s shown to conclude, indicating the
ending of the decoding process. From S, S10E, the path
mumps only to S, 310F, from S, 511F the jumps only to S,
512F, from S, 512 = jumps only to S, 314F, and from S; S13E

Tumps only to S, 516F, and the branch index I1s 4. Also from
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S, 517E, the path jumps only to S, 516F, from S, 516E jumps
only to S, 514F, from S; 515E jumps only to S, 512F, and
from S, 514E jumps only to S, 510F. From S, 510F, the path
mumps only to S, 510G, and from S, 512F jumps only to S,
514G, and the branch index 11s 3. Also, from S, 516F, the path
mumps only to S, 514G, and from S, 514F jumps only to S,
510G. Finally, from S, 510G, the path jumps only to S, S10H;

and the branch index I 1s 6. Also, from S, 514G, the path
jumps only to S, 510H.

In TABLE III, the encoded data 1s shown for the high-
lighted encoding path 1n the state diagram of FIG. 3 (5,, S,.
S1, 5,5, S, S, and S,) for the given example of encoding of
1111000 1nto representation bits for the four (in this example)
layers L1,1.2, L3, 4. TABLE III also shows the decoded data
for the highlighted decoding path in the trellis diagram of
FIG. 5. Thus, TABLE III can be considered to be a encoding-
decoding (ENDEC) table, where the first column 1s the 1nitial
state, the second column 1s the destination state, the third
column contains the original serial data U, and the fourth

column presents the encoded data for disk layers L1, L2, L3
and L4.

TABLE III
Destination Original Encoded Data Array
Initial State State Data U (L1,L2,L3,1L4)
SO S1 1 1111
S1 S3 1 1000
S3 S7 1 0001
S7 S7 1 1110
S7 S6 0 0001
S6 S4 0 0110
S4 SO 0 1111

In the event that data 1n a layer becomes unreadable due to
all or part of arecording layer becoming damaged, the present
invention may be used to reconstruct the missing data. FIG. 6
and TABLE IV illustrate an example of the process of recon-
structing missing data 1n accordance with the present inven-
tion. In the example, the data 1s entirely missing for layers L2
and L3. However, FIG. 6 uses PRML (minimum Hamming
distance) to determine which path 1s the correct path through
the trellis decoder diagram. For brevity, only 3 branches of the
data recovery are analyzed.

The first branch (I=0) of data recovery comprises finding
the correct data-recovery path for the data 1xy1, where x and
y represent unknown encoded data because layers L2 and L3
are entirely missing. The Hamming distance from S, to S 1s
1xy1<XOR>0000=1xy1, while the Hamming distance S, to
S, 18 Ixyl<XOR>1111=1xy0. Because the path from S, to S,
has the smaller Hamming distance, it 1s the correct path and
the missing data for branch I=0 may be reconstructed as x=1
and y=1.

Similarly, the second branch (I=1) of data recovery com-
prises finding the correct data-recovery path for the data
1xy0. The Hamming distance from S, to S, 1s
1xy0<XOR>0111=1xy1, while the Hamming distance S, to
S, 15 1xy0<XOR>1000=0xy0. Because the path from S, to S,
has the smaller Hamming distance, 1t 1s the correct path, and
the missing data for branch I=2 may be reconstructed as
x=y=0.

Finally, the third branch (I=2) of data recovery comprises
finding the correct data-recovery path for the data Oxy1. The
Hamming distance from S; to S, 15 Oxy1<XOR>1110=1xy1,
while the Hamming distance S; to S, to 1s

Oxy1<XOR>0001=0xy0. Because the path from S; to S, has
the smaller Hamming distance, 1t 1s the correct path.
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TABLE IV
Re-
Read covered

encoded Data

data Array
Original L1,L2, Correct Rejected L1,L2, Decoded
Data U Branch L3,L4 Path Path L3, L4 Data U

[=0 1xyl SO ->81 SO -> S0 1111

I[=1 1xy0 S1->83 S1->82 1000

[=2 Oxyl S3->87 S3->86 0001

Other encoding/decoding algorithms may also be used to
implement the present imvention. One such algorithm 1s a
Reed-Solomon code, a form of random, error-correcting,

cyclic code often used for multiple error corrections and
based on the finite arithmetic of a Galois Field GF(2™). A
Galois Field for m=4 is denoted as GF(2%). The elements of
this field are {0, 1, o, o, &, o, &, @, &/, a®, o, a'°, a'’,
a'?, o', a'*}. To multiply two elements o and o, their
exponents are added and use is made of the fact that o™
equals 1. For example, o' **a/=a'"=a > a*=a”. Three repre-
sentations for the elements of GF(2*) generated by p(X)=1+

X +X* are shown in TABLE V.

TABLE YV

4-tuple
Power representation Polynomial representation representation
0 0 (0000)
1 1 (1000)
a a (0100)
a” a’ (0010)
a’ a” (0001)
a* 1+a (1100)
a° a+ a’ (0110)
a® a’ +a’ (0011)
a’ l+a+a’ (1101)
as 1 +a? (1010)
a” a+ a’ (0101)
al? 1 +a+a’ (1110)
all a+a’+a (O111)
al? 1+a+a’+a’ (1111)
al? 1+a°+a’ (1011)
al? 1+a’ (1001)

To add two elements o’ and ¢ in GF(2%), their polynomial
representations in the above table are used. For example:

a’+a '=(a+ad)+(1+a+a)=1+a?+a’=al?

The generator polynomial for a Reed-Solomon encoder
which corrects t symbold 1s:

g(X)=(X+a)(X+a2)(X+a?) . .. (X+a?)

To better understand such a generator polynomuial, for a
Reed-Solomon encoder which corrects t=3 symbols from
GF(2*), as shown in TABLE V, the example generator poly-
nomuial 1s:

g(X)=(X+a) (X+a2) (X+a) (X+aH (X+a”) (X+a®)

g(X)=al+a’ X+’ X+ X +al* X+ a9 +.X°

Thus, a Reed-Solomon encoder may be used as an alterna-
tive embodiment to a convolution encoder to provide redun-

dancy 1n data spread across a plurality of layers of storage
media. A Reed-Solomon encoder has a block length of n=2""-

1, and 2t parnity-check digits.
Another feature of the present invention 1s illustrated 1n

FIG. 7. A disc 700 includes four layers 702, 704, 706, 708.
Rather than record four representation bits, encoded from a
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data bit, 1n vertical alignment from one layer to the next (that
1s, with the same starting address for each layer), each repre-
sentation bit 1s given a starting address such that 1t 1s recorded
to a location on a layer which 1s angularly offset from the bits
in adjacent layers. In FIG. 7, the oflset1s 90° as represented by
the lines A, B, C and D on the first, second, third and fourth
layers 702, 704, 706, 708, respectively. Other angular offsets
may also be used. Thus, although a scratch or other defect on
one layer, such as the top layer 702, may prevent representa-
tion bits from being read from a particular area of the layer,
the other three representation bits 1n the array will not be
obscured by the defect.

It 1s important to note that while the present invention has
been described in the context of a fully functioning data
processing system, those of ordinary skill in the art waill
appreciate that the processes of the present invention are
capable of being distributed 1n the form of a computer read-
able medium of 1nstructions and a variety of forms and that
the present invention applies regardless of the particular type
of signal bearing media actually used to carry out the distri-
bution. Examples of computer readable media include
recordable-type media such as a floppy disk, a hard disk drive,
a RAM, and CD-ROMs.

The description of the present invention has been presented
for purposes of 1illustration and description, but 1s not
intended to be exhaustive or limited to the invention 1n the
form disclosed. Many modifications and variations will be
apparent to those of ordinary skill in the art. The embodiment
was chosen and described in order to best explain the prin-
ciples of the invention, the practical application, and to enable
others of ordinary skill 1n the art to understand the invention
for various embodiments with various modifications as are
suited to the particular use contemplated. Moreover, although
described above with respect to methods and systems, the
need i the art may also be met with a computer program
product containing instructions for recording data to and
reading data from multiple layers of rotating storage media.

What 1s claimed 1s:

1. A method for recording data to and reading data from
multiple layers of rotating storage media, comprising:

recerving a data stream U to be recorded to rotating storage

media having a plurality L of recordable layers, the data
stream U comprising a sequence of data bits where U(J)

represents the J” bit in the data stream U;

encoding each data bit U(J) into X representation bits B(1,
N, B(2,]), ... B(X.,]);

recording the firstrepresentation bit B(1,J) onto a firstlayer
of the storage media, recording the second representa-
tion bit B(2,J) onto a second layer of the storage media,
and recording the L representation bit B(L,J) onto the

L7 layer of the storage media and repeating the process

for each remaining representation bit such that the L+1

bit is recorded onto the first layer, the L+2"¢ bit is
recorded onto the second layer and the 2L7 bit is
recorded onto the L7 layer;

recerving a request from a host device to read the recorded
data U from the storage media;

reading back a plurality of the X representation bits B(1,1),
B(2.,I), . .. B(X.,]) from the storage media; and

decoding the plurality of X representation bits B(1,J]), B(2,
D, ... B(X,]) into the original data bit U(J).

2. The method of claim 1, wherein:

encoding each data bit U(J) into X representation bits B(1,
N, B(2,1), .. . B(X,]) comprises convolution encoding
cach data bit U(J); and

decoding the plurality of X representation bits B(1,J]), B(2,
D, ... B(X,]) mto the original data bit U(J) comprises
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executing a partial-response, maximum-likelihood
(“PRML”’) decoding algorithm.
3. The method of claim 1, wherein:
encoding each data bit U(J) into X representation bits B(1,
I, B2,D), . . . B(X,]) comprises executing a Reed 5
Solomon encoding algorithm; and

decoding the plurality X representation bits B(1,]),
B(2.,l), . . . B(X,]) into the original data bit U(J) com-
prises executing a Reed Solomon decoding algorithm.

4. The method of claim 1, wherein: 10

the number of representation bits X equals the number of

recordable layers L;

the remaining representation bits comprise representation

bits B(3.,]) . . . B(X.,J); and

recording the remaining representation bits comprises 15

recording the remaining representation bits B(3,]) . . .
B(X,)) onto third through L7 layers of the storage
media.

5. The method of claim 1, wherein:

X 15 a predefined integer multiple M of L; 20

the remaining representation bits comprise representation

bits B(3,]) . . . B(X,J]); and

recording the representation bits comprises:

grouping the representation bits B(1,1) . . . B(X,J)nto M
groups of L representation bits each; 25

recording the L representation bits B(1,]) . . . B(L,J) of
the first group onto the 1st through L™ layers, respec-
tively, of the storage media; and

recording the L representation bits of each other group
onto the 1st through L™ layers, respectively, of the 30
storage media.

6. The method of claim 1, further comprising encoding a
plurality of data bits of the data stream U 1n parallel.

7. The method of claim 1, wherein the rotating storage
media comprises an optical disc having L recordable layers. 35
8. The method of claim 1, wherein the rotating storage
media comprises a hard disk stack having L recordable mag-

netic surfaces.
9. The method of claim 1, wherein recording the represen-
tation bits comprises recording each representation bit to a 40
starting location on a respective layer which 1s angularly
olfset by a predetermined amount from the starting locations
ol representation bits on adjacent layers.
10. A data storage device operable to record data to and
read data from multiple layers of rotating storage media, 45
comprising;
a data input coupled to receive a data stream U to be
recorded to rotating storage media having a plurality L
of recordable layers, the data stream U comprising a
sequence of data bits where U(J) represents the J” bitin 50
the data stream U:

an encoder for encoding each data bit U(J) into X repre-
sentation bits B(1,]), B(2,1), . . . B(X,]);

means for recording the first representation bit B(1,J) onto
a first layer of the storage media, recording the second 55
representation bit B(2,]) onto a second layer of the stor-
age media, and recording the L7 representation bit B(L,
1) onto the L of the storage media and repeating the
process for each remaining representation bit such that
the L+17 bit is recorded onto the first layer, the L+2" bit 60
is recorded onto the second layer and the 2L” bit is
recorded onto the L layer;
a command 1nput for receiving a request from a host device
to read the recorded data U from the storage media;

means for reading back a plurality of the X representation 65
bits B(1,]), B(2.,1), . . . B(X,]) from the storage media;
and

10

a decoder for decoding the plurality X representation bits
B(1.,]), B(2,]), . .. B(X.J) into the original data bit U(J).

11. The data storage device of claim 10, wherein

the encoder comprises a convolution encoder; and

the decoder comprises a partial-response, maximum-like-

lithood (“PRML”’) decoder.

12. The data storage device of claim 11, wherein X=4 and
the encoder comprises:

first, second and third shift registers coupled 1n series, each

shift register having an input and an output, the mnput of
the first shiit register coupled to the data input;

first, second, third and fourth modulo-2 adders, each hav-

ing an output for a corresponding one of the X represen-

tation bits, wherein:

the first adder has inputs coupled to the data input and the
output of the first and third shiit registers;

the second adder has inputs coupled to the data mnput and
the outputs of the first and third shift register;

the third adder has mputs coupled to the data input and
the outputs of the first and third shift register; and

the fourth adder has imnputs coupled to the data input and

the output of each shiit register.

13. The data storage device of claim 11, wherein the
decoder comprises a trellis decoder.

14. The data storage device of claim 10, wherein

the encoder comprises a Reed Solomon encoder; and

the decoder comprises a Reed Solomon decoder.

15. The data storage device of claim 10, wherein the rotat-
ing storage media comprises an optical disc having L record-
able layers.

16. The data storage device of claim 10, wherein the rotat-
ing storage media comprises a hard disk stack having L
recordable magnetic surfaces.

17. A computer program product of a computer readable
medium usable with a programmable computer, the computer
program product having computer-readable code embodied
therein for recording data to and reading data from multiple
layers of rotating storage media, the computer-readable code
comprising instructions for:

recerving a data stream U to be recorded to rotating storage

media having a plurality L of recordable layers, the data
stream U comprising a sequence of data bits where U(J)
represents the J” bit in the data stream U;
encoding each data bit U(J) into X representation bits B(1,
N, B(2,]), ... B(X.,]);
recording the firstrepresentation bit B(1,J) onto a firstlayer
of the storage media, recording the second representa-
tion bit B(2,J) onto a second layer of the storage media,
and recording the L™ representation bits-bit B(L,J) onto
L7 layer of the storage media and repeating the process
for each remaining representation bit such that the L+17
bit is recorded onto the first layer, the L+2"“ bit is
recorded onto the second layer and the 2L7 bit is
recorded onto the L7 layer;
recerving a request from a host device to read the recorded
data U from the storage media;
reading back a plurality of the X representation bits B(1,1),

B(2.]), ... B(X.]) from the storage media; and
decoding the plurality of X representation bits B(1,J]), B(2,

D), ... B(X,J]) into the original data bit U(J).

18. The computer program product of claim 17, wherein:
the instructions for encoding comprise instructions for
encoding each data bit U(J) into X representation bits

B(1.,]), B(2,1), ... B(X.,J) comprises convolution encod-

ing each data bit U(J); and
the instructions for decoding comprise instructions for

decoding the plurality of X representation bits B(1,]),
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B(2.,]), . . . B(X,]) into the original data bit U(J) com- recording the L representation bits of each other group
prises executing a partial-response, maximum-likeli- onto the 1st through L™ layers, respectively, of the
hood (*PRML"”") decoding algorithm. storage media.
19. The computer program product of claim 17, wherein: 20. The computer program product of claim 17, wherein
X 1s a predefined integer multiple M of L; > the rotating storage media comprises an optical disc having L.
the remaining representation bits comprise representation recordable layers.

bits B(3,]) . . . B(X,J]); and
the 1nstructions for recording the representation bits com-

prise mstructions for:

grouping the representation bits B(1,1) .. . B(X,J)mnto M 10
groups of L representation bits each;

recording the L representation bits B(1,]) . .. B(LL,J) of
the first group onto the 1st through L™ layers, respec-
tively, of the storage media; and S I

21. The computer program product of claim 17, wherein
the rotating storage media comprises a hard disk stack having
L. recordable magnetic surfaces.
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